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ABSTRACT
In this thesis static light scattering was used to systematically examine potential
protocols to effectively isolate bovine eye lens alpha crystallin subunits, to enable
confident reconstitution and study of homogeneous assemblies of subunits. The light
scattering properties of alpha crystallin subunits that were separated from one another by
anion-exchange chromatography in urea, and subsequently reconstituted in buffer that did
not contain urea were also studied. Such reconstituted assemblies may prove useful for
future work examining the dependence of interactions between gamma and alpha
crystallin on alpha crystallin subunit composition, the properties of high concentration
gamma-alpha mixtures and other mixtures, and possibly the preparation of crystals for xray crystallography.
The light scattering data yielded a molecular weight of (5.900 +/- 0.005) x 105
g/mole for the starting, native bovine alpha crystallin protein. The dimensionless virial
coefficient of the native alpha crystallin was 3.1, less than the hard-sphere value, 4, and
possibly consistent with attractive interactions on top of hard-core repulsion. While light
scattering showed that 6 M urea did not completely disassemble alpha, the molecular
weight after incubation in 8 M urea was (2.0 +/- 0.5) x 104 g/mole, in excellent agreement
with the known molecular weights calculated from the sequences of bovine alphaA and
alphaB. Reconstituted subunits isolated by anion exchange chromatography, believed to
be alphaA crystallin, pending further confirmation, assembled to form particles with a
molecular weight of (5 +/- 3) x 104 g/mol. These results set the stage for further study of
the lens protein interactions involving homogeneous alpha crystallin assemblies.
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INTRODUCTION
The long-term goal of the research to which this thesis contributes is to
understand the chemical and physical mechanisms that lead to cataract formation. We
will first briefly describe cataracts, which are the leading cause of blindness in the world,
and are caused by light scattering within the lens of the eye.
The research described in this thesis was performed using protein obtained from
calf eyes. Bovine eyes share the same physiology and chemical make up as human eyes
but have several advantages.

First, they are much easier to obtain as they can be

collected from livestock that has already been sacrificed as part of the agricultural
industry.

Second, the proteins from a young bovine lens have not undergone the

extensive chemical modification that can render human lens proteins very diverse and
hard to study cleanly. Third, the amounts of human protein needed for investigations of
the type performed in this thesis research were not yet available from our efforts to
produce them by recombinant means.
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The Mammalian Eye

Figure 1: Schematic view of the mammalian eye. 1

Figure 1 shows a schematic view of the overall anatomy of the mammalian eye.
This figure is primarily shown to illustrate the location of the lens, which is the structure
within the eye where cataracts occur. Light enters the eye through the cornea, then
passes through the aqueous humor and enters the interior portion of the eye through the
pupil. The pupil is the aperture at the center of the iris that attenuates the amount of light
that reaches the lens, which is directly posterior to the iris.
2

The lens, the main

physiological structure of interest in this thesis, is attached to the ciliary muscle via the
zonular fibers and suspensory ligaments. Together with the cornea, the lens helps refract
entering light onto the retina at the posterior of the eye. The expansion and contraction of
the ciliary muscles help accommodate the focus of the eye to objects at varying distances
away from the eye, as illustrated in Figure 2.

Figure 2: Changes in the shape of the lens accommodate the focusing of the eye on
objects at varying distances away from the eye. 2
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The Lens

Figure 3: Photograph of calf eye lens.3

The bulk of the lens of the mammalian eye consists of long, thin cells called fibre
cells, which contain a high concentration of soluble globular proteins arranged in a
gradient of varying protein composition. In addition, the lens contains an epithelium, and
is enclosed in the lens capsule.
The lens capsule is a smooth, transparent, membrane that comprises the entire
exterior portion of the lens, and is predominantly collagen. The lens epithelium is found
at the anterior of the lens between the lens capsule and the lens fibre cells.

The

epithelium comprises rapidly metabolizing tissue that is both a source of differentiating
lens fibre cells and a homeostatic pump, which transports ions, nutrients and liquid
between the lens and aqueous humor.
The lens fibre cells are long, thin and tightly packed cells. They contain very high
concentrations of crystallin proteins arranged in a gradient of protein composition. The
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gradient of protein composition of the lens fibre cells forms a corresponding index of
refraction gradient within the lens. Even so, they can be described as making two distinct
structures defined by their predominant protein composition. The outer layer of lens fibre
cells is called the lens cortex, while the inner core of the lens fibre cells is called the lens
nucleus. The cortex contains alpha, beta and gamma crystallin proteins but is relatively
rich in alpha crystallin. The nucleus has higher overall concentrations of all of the
crystallins but is particularly rich in gamma crystallin.
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Crystallin Proteins and Cataract Formation
In a healthy, transparent lens high concentrations of the crystallin proteins
generate a relatively uniform refractive index and very little light scattering4. This
uniform, liquid-like packing needed for transparency is called short-range order. The
formation of a cataract is the result of the disruption of short-range order. There are three
major ways in which short-range order is now known to be disrupted within the lens;
approach to phase separation, the formation of high molecular weight protein aggregates
and water filling the spaces between the lens fibre cells. An example of temperatureinduced phase separation, called a cold cataract, is shown in Figure 4 below. In a cold
cataract a phase separation occurs within the nucleus of the lens when the temperature of
the lens is lowered below the cloud temperature of the mixture of proteins within the lens.
The principal protein responsible for this phenomenon is gamma crystallin5, which makes
up the majority of the protein found in the nucleus.

Figure 4: Cold cataract in a calf lens.6
6

However, the properties of mixtures of proteins are essential for understanding
these phenomena, and are being studied in our laboratory7,8. Briefly summarized, these
studies have found that alpha crystallin, which does not phase separate by itself,
dramatically enhances the phase separation of alpha-gamma mixtures, and can even raise
the phase separation temperature from near 0 degrees Celsius to above body
temperature.9 Eventually we wish to understand the separate roles of alpha crystallin
subunits in these phase separation phenomena, and the present work helps to lay the
groundwork for this goal. A particularly relevant recent finding is that there appears to
be nonmonotonic and sensitive dependence of the alpha-gamma phase diagram on the
strength of alpha-gamma interactions.10 The strength of these alpha-gamma interactions
in turn are expected to be dramatically affected by alpha crystallin subunit composition,
as explained below.
Alpha Crystallin
Alpha crystallin is the most prevalent of crystallin proteins in the eye lens. It is
also the largest and most complex of the crystallin proteins.
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Figure 5: Size comparison of the structure of gamma crystallin to alpha crystallin
modeled as a hard sphere.11

At roughly 800 kDa it is not, as one might expect, alpha crystallin’s sheer size that makes
it the most complex crystallin protein. Instead, alpha crystallin’s complexity comes from
the facts that it is made up of two primary types of subunits, alphaA and alphaB, and that
it is rather polydisperse.12
Alpha crystallin’s polydispersity is one of the principle reasons that the
quaternary structure has not yet been discovered.13 While we do not know the alpha
crystallin structure we do know some of its basic physical and chemical properties. Bera
and Ghosh found via several titrations at varying ionic strength that caprine alpha
crystallin had a small but overall net negative charge at neutral pH.14 However, we must
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be careful in drawing direct inferences from this data for two reasons. First, although
caprine alpha crystallin is homologous to bovine alpha crystallin the differing source
species may yield a difference in normal post-translational phosphorylation. Second, and
more in line with the scope of this thesis, the differing charge characteristics of alphaA
and alphaB mean that the overall charge on this protein will be quite dependent on its
subunit composition.
Much more is currently known about the physical characteristics and structure of
alpha crystallin’s subunits than the overall protein itself.

The following primary

structures of each subunit, shown below in Figures 6 and 7, were downloaded from the
National Center for Biotechnology Information’s Sequence Viewer.

Figure 6: Excerpt from the NCBI Sequence Viewer output for bovine alphaA crytallin.
(Complete output shown in Appendices.)
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Figure 7: Excerpt from the NCBI Sequence Viewer output for bovine alphaB crytallin.
(Complete output shown in Appendices.)
These sequences were then used to determine calculated physical properties of
each subunit, shown below in Table 1 using the Swiss Institute of Bioinformatics’
ExPASy Proteomics Server ProtParam and then compared to human alpha crystallin
subunits alphaA and alphaB using the National Center for Biotechnology Information’s
Basic Local Alignment Search Tool.
Table 1: Physical properties for bovine alpha A and alpha B based on primary structures
of each subunit.
Subunit
Homology with human alpha
crystallin subunit
Calculated pI
Calculated molecule weight (g/mol)

Alpha A
97 %(with no gaps)

Alpha B
97 % (with no gaps)

5.78
19,790.14

6.76
20,036.79
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Size Exclusion Chromatography
As will be described in the experimental section of this thesis, bovine alpha
crystallin was isolated from the other crystallins found in the lens cortex using size
exclusion chromatography.
Size exclusion chromatography15 is a chromatography technique in which
molecules are separated by size. The stationary phase consists of beads of a porous gel
based material; Sepharose CL-6B was used in this thesis research. The pores in the beads
used in size exclusion chromatography are small enough that relatively large molecules
are excluded from passing through the pores while smaller molecules can pass freely
though them. The mobile phase in size exclusion chromatography is selected such that it
will interact with neither the molecules to be separated from each other nor the gel beads.
Because larger molecules are excluded from the gel beads they pass directly through the
column eluting first, while smaller molecules can pass through the pores meaning that
they have a longer effective distance to travel before eluting.
With no interactions occurring between the molecules of interest, the resin and or
the mobile phase it is only through this inclusion or exclusion of molecules from the
beads pores’ that determines how long a particular molecule will reside with in a size
exclusion column. This means that as long as a size exclusion chromatography system is
set up appropriately for the system of interest the molecules being separated will always
elute according to their molecular weight with the largest molecules eluting first and the
smallest molecules eluting last.
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Since alpha crystallin is so much larger than all the other crystallin proteins it is
naturally expected to elute first. Members of the Thurston lab have years of experience
in isolating alpha crystallin using size exclusion chromatography.
Ion Exchange Chromatography
Ion exchange chromatography is a chromatography method based on the equilibia
between ions in solution passing though the column and like ions bound to
chromatography media selected for the separation of molecules of interest.16 In this
experiment DEAE Sephadex Fast Flow was selected as the ion exchange media. The
rationale for this selection is described below. Each bead consists of a cross-linked
dextran gel matrix functionalized with a diethylaminoethyl group, which is a weak anion
exchanger. The positively charged tertiary amine on the diethylaminoethyl group is
weakly bound to its counterion, Cl-. When buffers are chosen that have pHs below the
pKas of the protein of interest the protein will have an overall negative charge. This was
the case in the experiments performed in this thesis research. So as the negatively
charged alpha crystallin subunits are passed through the column the Cl- counterion was
displaced in favor of the negatively charged subunits.
The addition of urea to ion exchange buffers to facilitate the denaturation of
proteins and thereby dissociation of soluble globular proteins into their respective
subunits is a well documented technique. Work done by Cole in the 1960’s on prolactin17
and insulin18 in particular helped inspire the use of urea as a denaturant in this thesis
project. As described in the experimental section of this thesis the idea of urea containing
buffers as part of an anion exchange chromatography system was adapted to separate
alpha crystallin into its subunits and isolate them for study using laser light scattering.
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The weak anion exchange resin used, diethyaminoethyl Sepharose, was selected
to isolate alpha crystallin’s dissociated subunits because its wide working pH range, 2 to
9, compatibility with 8 M urea, and the fact that its working pH range included the
calculated isoelectric pHs for alphaA and alphaB.
Static Laser Light Scattering
For the static laser light scattering measurements used to characterize the proteins
analyzed in this thesis laser light scattering instrumentation assembled by Dr. Michael
Kotlarchyk of the RIT Department of Physics was used. It consisted of an optical bench
mounted with a Spectra Physics model 127 50 mW helium-neon laser, a Brookhaven
Instruments Corporation temperature-controlled sample tube holder containing an index
matching bath filled with decahydronaphthalene and a Brookhaven Instruments
Corporation model BT-PMT photomultiplier tube with high voltage power supply,
mounted to a Brookhaven Instruments Corporation computer controlled arm that
modulates scattering detection angle. Control of the optics and data acquisition was
achieved using Brookhaven Instruments Corporation Static and Dynamic Light
Scattering software.
Static laser light scattering can be used to characterize the molecular weight and
self-association of proteins, the virial coefficients characterizing protein interactions, as
well as the thermodynamic properties of more concentrated mixtures. In the research
described in this thesis this technique was used to find the molecular weight and the
second virial coefficient of several assemblies of alpha crystallin, as described below.
Table 2 introduces the symbols that will be used in the equations used to describe and
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analyze the static laser light scattering data generated during the research described in
this thesis.

14

Table 2: Summary of symbols used in static light scattering equations.
Symbol
Iref(90)
Idark
Itoluene(90)
Ibuffer(90)
I(90)
Δ(I(90))
ΔR(90)
C
Ma(90)
K
A2
λ0
NA
n
(dn/dc)
nref
Φ
B
MW
Rref
u(r)
k
T
v
r

Meaning
Calculated reference photocounts per second
Dark photocounts per second
Toluene photocounts per second
Buffer photocounts per second at 90 degree scattering angle
Sample photocounts per second at 90 degree scattering angle
Sample photocounts per second minus buffer photocounts per second at 90
degree scattering angle
Excess Rayleigh ratio at 90 degree scattering angle
Concentration of protein in sample
Apparent molecular weight obtained at 90 degree scattering angle from
ΔR(90)
Optical constant for polarized light perpendicular to the plane of
polarization
Second osmotic virial coefficient
Light wavelength in vacuum
Avogadro’s number
Refractive index of solution
Derivative of solution refractive index with respect to protein concentration
Refractive index of reference solution, toluene
Solute volume fraction
Second virial coefficient in dimensionless form
Average molecular weight
Rayleigh ratio of reference scatterer, toluene
Potential between two particles
Boltzman constant
Temperature in Kelvin
Volume of each particle being studied
Radius of each particle being studied

Before discussing static light scattering data in subsequent sections of this thesis it
is first necessary to explain the connections between the static light scattering equations
listed below and the experimental data that was generated during the present research,
including the methods of inferring molecular weight and second virial coefficients.
First the optical constant for the system, K, had to be calculated;
(1)
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More details of this calculation will be given below.

Next the reference

photocounts per second, Iref(90), needed to be calculated for our system;
(2)
in order to be able to compare the intensity from the samples to that from a wellcharacterized standard. Then, once experimental static laser light scattering data
was collected, the average number of photocounts per second from just the
sample, in excess of that from the buffer, needed to be calculated for each sample
analyzed;
(3)
Using literature values for Rref, n and nref, and the calculated Δ(I(90)) and Iref(90))
for each sample the excess Rayleigh ratio at 90 degree scattering angle was
calculated for each sample;
(4)
An xy scatter plot of the excess Rayleigh ratio for each sample was divided by the
product of the optical constant and the concentration of each sample was
generated, and the results were fitted to a linear function of concentration. That
straight line was interpreted using;
.

(5)

This yielded the apparent molecular weight of the proteins being analyzed and the
second virial coefficient, which was then converted to a dimensionless form
using;
(6)
When B, the dimensionless form of the second virial coefficient is defined as;
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1
B=−
2v

∞

∫ (e

−u(r )/ kT

−1)4 πr 2 dr

0

were v is the volume of the protein assembly being analyzed.

€
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(7)

EXPERIMENTAL
Buffer preparation
Before beginning any of the experiments described in this thesis it was first
necessary to prepare the buffers listed below. The preparation of each buffer is described
in detail in Appendix 2 at the end of this thesis.
Buffers needed for the experiments described in this thesis;
1. pH 6.8 50 mM sodium phosphate buffer
2. pH 8.6 25 mM triethanolamine buffer
3. pH 8.6 25 mM triethanolamine, 8 M urea buffer
4. pH 6.6 25 mM triethanolamine, 8 M urea buffer
5. pH 6.6 25 mM triethanolamine, 8 M urea buffer, 1 M sodium chloride
Intracapsular extraction of lens from calf eyes
Roughly thirty calf eyes were received from Research 87, Inc of Boylston, MA.
The lenses we removed from each eye using the following method. First the eye was
grasped in the left hand with the cornea facing the index and middle fingers and the base
of the optic nerve facing the thumb. Next a number ten type scalpel with a Palmar grip
was used to make a roughly ten millimeter incision in the right side of the eye in roughly
the center of the gap created by the fingers and thumb. The lens with capsule intact was
then gently squeezed out through the incision and into the palm of the right hand. The
lens was then placed into a medium size ceramic Büchner funnel supported in a 600 mL
pyrex beaker. Next the lens was rinsed with deionized water using the stream of a large
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polystyrene wash bottle. Finally the lens was removed from the Büchner funnel and
placed into a clean, medium size weigh boat that was sitting in a bucket full of ice.
Separation of lens cortex and nucleus
While the lens is sitting in the chilled weigh boat the nucleus of the lens should
became slightly cloudy, forming a reversible cold cataract, as described in the
introduction. Using the wide end of a 1,000 microliter disposable pipette tip, from which
about 10 millimeters of the narrow end has been trimmed off and a Pasteur pipette bulb
attached, the lens capsule was pierced and the lens nucleus was captured in the wide end
of the modified pipette tip in one swift motion. The cortical lens tissue was dispensed
into a labeled beaker and the nuclear lens tissue was placed in a separate labeled beaker
for use by students working on other projects.
Homogenization of lens cortex
Once the intracapsular lens extraction and separation of lens cortex and nucleus
was completed on each of the roughly 30 eyes the pooled cortical lens tissue was
weighed and then diluted with an equal weight of pH 6.8, 50 mM sodium phosphate
buffer. After the lens cortex tissue was diluted it was loaded into a Pyrex brand handheld glass tissue homogenizer. The coarser of the two included fritted glass pestles was
inserted into the homogenizer and smoothly driven to the base of the homogenizer and
drawn back up roughly thirty times. The coarse fritted glass pestle was removed from the
homogenizer and replaced with the finer fritted glass pestle. The fine fritted glass pestle
was then smoothly driven to the base of the homogenizer and drawn back up roughly
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thirty times. The appearance of the resulting homogenate was then visually inspected for
an even consistency.
Centrifugation of crude cortical homogenate
The crude cortical homogenate was placed into labeled centrifuge tubes in
roughly equal portions. The weight of each tube with homogenate was recorded and the
tubes closest to each other in weight were matched. Enough 50mM sodium phosphate
buffer was added to each tube to make sure that the matched tubes had masses within 0.1
grams of one another. The matched tubes were loaded opposite each other into the rotor
of a temperature-controlled centrifuge. The crude cortical homogenate was centrifuged
using the DuPont Instruments Sorvall RC-5B Refrigerated Super Speed Centrifuge in
room 08-A134 of the RIT College of Science. The settings used for centrifugation of the
crude cortical homogenate are shown below in Table 3. When the centrifugation cycle
was complete the tubes were removed and the supernatant was decanted off each tube
and pooled.
Table 3: Experimental parameters for centrifugation of crude cortical homogenate.
Parameter
Duration
Relative Centrifugal Force
Rotor #
Temperature

Setting
2 hours
27,000 x g
SS-34
10 degrees Celsius

Size exclusion chromatography on Sepharose CL6B column
The pooled supernatant from the centrifuged cortical homogenate was diluted by
a factor of four in room temperature, pH 6.8 50mM sodium phosphate buffer and filtered
through 11 low protein binding, 25mm Pall Acrodisk syringe tip filters. Several syringe
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tip filters had to be used as each filter tended to become fouled after roughly 15 mL of
cortical preparation was filtered through it. This step was in fact a single filtration even
though several filters had to be used due to fouling of individual syringe tip filters.
Once all of the cortical preparation was filtered it was loaded onto a Sepharose
CL-6B size exclusion column and run at 1 mL/min. of pH 6.8, 50mM sodium phosphate
buffer for 15 hours to allow full separation and recovery of all crystallin proteins. The
fractions containing alpha crystallin, those identified as eluting first on the size exclusion
chromatogram were pooled for use in the static light scattering experiments described in
this thesis while fractions containing other crystallin proteins were pooled for use by
other members of the Thurston lab.
Preparation of samples in urea containing buffers for static laser light scattering
experiment
Samples to be used in the static light scattering measurements for samples in urea
containing buffers were prepared using the following procedure. First the alpha crystallin
recovered from the Sepharose CL-6B column were loaded into a 350 mL Amicon
chamber with a 10 kiloDalton ultrafiltration membrane. The Amicon was run until the
volume of alpha crystallin was reduced to 20 mL at roughly 40 psi with the stirrer set on
setting 3 (out of 8). The flow through from the Amicon chamber was saved in the event
that a significant portion of alpha crystallin was somehow lost through the membrane.
To reach the target concentration of alpha crystallin and urea each of the 30 tubes to be
measured in the static laser light scattering experiment were prepared individually by
pipetting appropriate volumes of 50mM sodium phosphate buffer, concentrated alpha
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crystallin, 14.8 M urea in 50mM sodium phosphate buffer stock solution in clean, dry
laser light scattering tubes.
Static laser light scattering of samples in urea containing buffers
Once the alpha crystallin samples in urea containing buffer were prepared as
described above the laser and high voltage power supply that are part of the laser light
scattering instrumentation described in the introduction were allowed to warm up for 45
minutes. The instrumentation was set up using the parameters shown in Table 4.
Table 4: Experimental parameters for static laser light scattering of alpha crystallin in
urea containing buffers.
Parameter
Temperature
Aperture size
Detection wavelength
Detection scattering angle
PMT voltage

Setting
20 degrees Celsius
100 um
632.8 nm
90 degrees
2,050 V

For each sample 10 successive 10 second measurements of photocounts per
second were recorded by hand and tabulated in Excel for analysis.
Preparation of alpha crystallin sample for running on DEAE anion exchange
column
The entire volume of the pooled alpha crystallin fractions collected from the
Sepharose CL6B column was loaded into a 350 mL Amicon chamber with a 10
kiloDalton ultrafiltration membrane. The Amicon was run until the volume of alpha
crystallin was reduced to 50 mL at roughly 40 psi with the stirrer set on setting 3 (out of
8). The flow through from the Amicon chamber was saved in the event that a significant
portion of alpha crystallin was somehow lost through the membrane. The resulting
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concentrated alpha crystallin sample was then diluted to 400 mL in pH 8.6, 25 mM
triethanolamine, 8 M urea buffer and stirred with a stir rod.
Anion exchange chromatography on Sephedex Fast Flow DEAE anion exchange
column
Before the column was run it was washed and equilibrated with a minimum of
1,500 mL of pH 8.6, 25 mM triethanolamine buffer at 10 mL/min. This was to rinse out
the 0.5 M sodium hydroxide that was used to clean the column after its previous run. To
make sure that all of the sodium hydroxide was successfully rinsed out of the column the
pH of the buffer eluting out of the column was checked. The washing and equilibrating
step continued well passed the initial 1,500 mL volume until the elution pH was 8.6.
Once the elution pH has normalized, 1,500 mL of pH 8.6, 25 mM
triethanolamine, 8 M urea buffer is run through the column at 10 mL/min to equilibrate
the resin before the run could begin.
After the column was equilibrated the entire 400 mL volume of the alpha
crystallin in pH 8.6, 25 mM triethanolamine, 8 M urea buffer sample was loaded onto the
column at 10 mL/min. Following loading the column was rinsed with 1,500 mL of pH
8.6, 25 mM triethanolamine, 8 M urea buffer at 10 mL/min. Shown below in Figure 8, a
long broad peak eluted as the alpha crystallin sample was loaded and rinsed. Pending
confirmation of its composition, it is believed that this fraction is composed of the alphaB
subunit. This assumption is based on the fact that the alphaB subunit was shown to elute
first in the chromatofocusing experiments19 by Bloemendal and Groenewoud, which in
part inspired the chromatography work described in this thesis.
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Immediately following protein loading and the column rinse a linear pH gradient
was programmed into the pump and fraction collection system. A total of 1,900 mL of
buffer was set to run at 10 mL / min starting out with 100% pH 8.6, 25 mM
triethanolamine, 8 M urea buffer and progressing in a linear concentration gradient
toward pH 6.6, 25 mM triethanolamine, 8 M urea buffer. 95 individual 20 mL fractions
were collected as this gradient ran. A UV-VIS chromatogram was printed as the linear
pH gradient was run. As shown in Figure 9, no peaks eluting during the pH gradient.
Once the linear pH gradient was completed a linear sodium chloride concentration
gradient was programmed into the pump and fraction collection system. A total of 1,900
mL of buffer was set to run at 10 mL / min starting out with 100% pH 6.6, 25 mM
triethanolamine, 8 M urea buffer with no sodium chloride and progressing in a linear
sodium chloride concentration gradient toward pH 6.6, 25 mM triethanolamine, 8 M urea
buffer with 1.0 M sodium chloride. 95 individual 20 mL fractions were collected as this
gradient ran.

A UV-VIS chromatogram was printed as the linear sodium chloride

concentration gradient was run. It showed two distinct peaks, shown below in Figure 10.
The first peak appeared in fractions 30 to 36, while the second peak appeared in fractions
39 to 46. The fractions from each peak were pooled into separate bottles and each of
their total volumes was measured and recorded. The first peak had a total volume of 120
mL and the second peak had a total volume of 140 mL. Both bottles were labeled and
stored in the refrigerator until an adequate volume of dialysis buffer was prepared.
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Figure 8: First third of chromatogram from DEAE anion exchange chromatography
showing elution of a fraction believed to be composed of the alphaB subunit dissociated
in 8 M urea.
It is important to note that due to the set up of the chart recorder used in this experiment
elution time/volume is tracked moving from right to left across the page and the
absorbance of peaks eluting from the column increases from the top to bottom of the
page.
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Figure 9: Second third of chromatogram from DEAE anion exchange chromatography
showing no peaks eluting during the linear pH gradient from pH 8.6 to pH 6.8.
It is important to note that due to the set up of the chart recorder used in this experiment
elution time/volume is tracked moving from right to left across the page and the
absorbance of peaks eluting from the column increases from the top to bottom of the
page.
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Figure 10: Last third of chromatogram from DEAE anion exchange chromatography
showing the elution of two peaks during the linear sodium chloride concentration
gradient from 0 M to 1 M at a constant pH of 6.8.
It is important to note that due to the set up of the chart recorder used in this experiment
elution time/volume is tracked moving from right to left across the page and the
absorbance of peaks eluting from the column increases from the top to bottom of the
page.

27

Dialysis of pooled DEAE fractions
The pooled fractions for peaks one and two were each loaded into separate
lengths of Thermo Scientific Snake Skin dialysis tubing, which has a molecular weight
cutoff of 3,500 g/mol. The lengths of dialysis tubing were loaded into separate 2 liter
beakers containing roughly 1,800 mLs of 50mM sodium phosphate buffer and a large
magnetic stir bar. Each beaker was placed on a magnetic stir plate and allowed to gently
mix for approximately 24 hours. After 24 hours the buffer was decanted from the beaker
and replaced with the same volume of fresh 50mM sodium phosphate buffer. The buffer
in each 2 liter beaker was changed four more time in this manner to ensure that any urea
was completed removed from the pooled DEAE fractions.
Concentration of pooled, dialyzed DEAE fractions
The pooled, dialyzed DEAE fractions from peaks one and two were then loaded
into two separate 350 mL Amicon chambers with 10 kiloDalton ultrafiltration
membranes. The Amicon was run until the volume of alpha crystallin was reduced to
roughly 5 mL at roughly 40 psi with the stirrer set on setting 3 (out of 8). The flow
through from the Amicon chamber was saved in the event that a significant portion of
alpha crystallin was somehow lost through the membrane. The resulting concentrated,
dialyzed and pooled DEAE fractions were then pipetted into clean, dry laser light
scattering tubes for analysis by static laser light scattering.
Static laser light scattering of DEAE fractions
For the static laser light scattering measurements used to characterize the protein
found in the pooled and dialyzed DEAE fractions the laser light scattering
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instrumentation described in the introduction, consisting of an optical bench mounted
with a Spectra-Physics model 127, 50 mW helium-neon laser, a Brookhaven Instruments
temperature controlled sample tube holder containing an index matching bath filled with
decahydronaphthalene and a Brookhaven Instruments model BT-PMT, photomultiplier
tube with high voltage power supply mounted to a computer controlled arm that
modulates scattering detection angle was used. Control of the optics and data acquisition
was achieved using Brookhaven Instruments Dynamic Light Scattering software.
The laser light scattering instrumentation was set to the following experimental
parameters;
Table 5: Experimental parameters for static laser light scattering of DEAE fractions.
Parameter
Temperature
Aperture size
Detection wavelength
Detection angle
PMT voltage

Setting
20 degrees Celsius
200 um
632.8 nm
90 degrees
2,050 V

Brookhaven Instruments Dynamic Light Scattering software was used accumulate
tables of photocounts per second versus time for each initial sample. Each initial sample
was then diluted with a known weight of 50mM sodium phosphate buffer and a new
concentration of alpha crystallin was determined.

Once the new concentration was

determined laser light scattering data was accumulated for each sample as described
above. This procedure was repeated until each light scattering tube was too full to add
additional buffer.
Some of the samples analyzed in this manner contained dust that skewed the
average and standard deviation values for light scattering intensities obtained as
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described above. The scattering intensities versus time for these samples were plotted
and examined by eye. The light scattering due to dust was easy to identify by eye due to
its extremely high light scattering compared to the rest of the samples light scattering.
Data points that were identified as dust in these plots were removed from the raw data by
hand before the raw data was tabulated for use in the R(90)/Kc versus c plots shown in
the results and discussion section of this thesis. Figure 11 shows an example of the raw
data plots being discussed before and after the removal of data points attributed to dust.
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Figure 11: Plot of raw light scattering intensity versus time for 6.39 mg/mL sample
prepared from DEAE peak 1 before and after the removal of data point identified as dust,
which skewed the average and standard deviation values for this sample.
The blue triangles above are obtained from the raw light scattering intensities of the 6.39
mg/mL sample prepared from DEAE peak 1 before the removal of data points identified
as dust. The black diamonds above are obtained from the raw light scattering intensities
of the 6.39 mg/mL sample prepared from DEAE peak 1 after the removal of data points
identified as dust. The red line above is the average light scattering intensity for this
sample after data points identified as dust were removed.
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Determination of protein concentrations
All protein concentrations used in this thesis research were calculated using the
absorbance of a subsample of each protein sample in water with a known dilution factor
at 280 nm. All measurements were taken in triplicate and were performed on a Shimadzu
High Resolution UV-2401 Instrument using the same 1 cm quartz cuvette. Concentration
values were calculated using Beer’s Law and a literature value20 of 0.83 mL/(mg*cm) for
the extinction coefficient of alpha crystallin.
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RESULTS AND DISCUSSION
Estimated uncertainty for R(90) / Kc determinations
In order to evaluate the quality of the data being generated in this thesis it was
necessary to generate an expression that could be used to quantify the uncertainty of
normalized static light scattering intensities calculated from the data collected during the
laser light scattering experiments described in the experimental section of this thesis,
starting on page 36.

Using definitions and equations adapted from Bevington and

Robinson’s book21 on data reduction and error analysis combined with the static light
scattering equations discussed on pages 15, 16 and 17 of this thesis, a set of equations
used to estimate the uncertainty of all of the static laser light scattering data generated
during the research described in this thesis was derived. The terms used in the derived
uncertainty equations are summarized in Table 6. Symbols not defined in Table 6 were
defined previously in Table 2 on page 15.
Table 6: Summary of symbols used in the uncertainty equations derived for analyzing
static laser light scattering data.
Symbol
Δ(Iref)
Δ(Idark)
Δ(Itoluene)
Δ(Ibuffer(90))
Δ(I(90))
Δ(Δ(I(90)))
Δ(ΔR(90))
Δc
Δ(Ma(90))

Meaning
Uncertainty of calculated reference photocounts per second
Standard deviation of dark photocounts per second
Standard deviation of toluene photocounts per second
Standard deviation of buffer photocounts per second at 90 degree
scattering angle
Standard deviation of sample photocounts per second at 90 degree
scattering angle
Uncertainty of sample photocounts per second minus buffer photocounts
per second at 90 degree scattering angle
Uncertainty of excess Rayleigh ratio at 90 degree scattering angle
Uncertainty of concentration
Uncertainty of apparent molecular weight obtained at 90 degree
scattering angle from ΔR(90)
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(8)
(9)
Combining the terms shown above in equations 8 and 9, Equation 10 gives the fractional
uncertainty of the excess Rayleigh ratio for scattering at 90 degree detection angle;
(10)
The fractional uncertainty of the excess Rayleigh ratio is then combined with the
fractional uncertainty of the concentration measurements to yield equation 11, which
defines the fractional uncertainty of the individual data points shown on plots presented
in Figures 13, 14, 15, 16, 17 and 19, starting on page 36.
(11)
Once the apparent molecular weight of each sample is plotted with error bars sized using
the uncertainty defined in equation 11 the error in the intercept of the linear fit is defined
by;

σ a2 =

1
x i2
∑
Δ σ i2

(12)

while the error in the slope of the linear fit is defined by,

€

σ b2 =

1
1
∑
Δ σ i2

(13)

when the Δ term in equations 12 and 13 is defined as;
€

(14)
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Estimation of dn/dc for solutions of protein and urea in water
Since it would be extremely time consuming to determine the dn/dc of a threecomponent mixture of alpha crystallin, urea and water and well beyond the scope of this
thesis to model a realistic dn/dc quantitatively it was necessary to generate a rough model
that would provide a useful estimate of the dn/dc.
Using the following reasoning an estimate of dn/dc for our three-component
system was generated. The typical volume per mass of a compact globular protein is
roughly 0.7 mL/g. The mass density corresponding to this value is 1.43 g/mL. This
concentration of alpha crystallin would be difficult to achieve experimentally but the
value is useful in estimating a proportionality constant for a linear dependence of the
index of refraction on protein concentration, which we assume to be valid at the very low
protein concentrations used here.
Using the following model;
n (cp) = nurea, water (curea) + (dn/dc)tbd cp

(15)

(dn/dc)tbd = (n (cp) - nurea, water (curea) )/ cp

(16)

to find;

Letting n (cp = cp(max)) represent the purely hypothetical index of refraction that
would be achieved if the solution were composed entirely of alpha crystallin, with no
water (an impossible situation, but this is a thought experiment). Hence, we take this
value to be independent of urea concentration. Then, n (cp = cp(max)) is obtained by
combining the typical volume/mass for a compact globular protein with the literature
value for dn/dc for a protein and water mixture with no urea. A further refinement of this
method would utilize relationships akin to the Lorentz-Lorenz relationship between index
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of refraction and the polarizabilities of the solution constituents22 (although for aqueous
solutions different relationships are more appropriate), but such an analysis is beyond the
scope of this thesis.
0.19 mL/g = (n (cpmax) - n water)/ cp

(17)

n (cpmax) = 1.33 + (0.19 mL/g) (1.43 g/mL) = 1.60

(18)

(dn/dc)urea contribution = (1.60 - nurea, water )/ 1.43 g/mL

(19)

(dn/dc)tbd = ((n (cpmax) - nurea, water)/ (cpmax)) * 0.19 mL/g

(20)

so;

and;

Therefore;

Based on the reasoning described above equations 1 and 20 were then used along with
reference values for the index of refraction of urea in water, shown below in Table 7, to
calculate values for the optical constant, K, for the light scattering set up used. The
values of K presented below were then used in analyzing the experimental static light
scattering data for samples of alpha crystallin in urea containing buffers, presented in this
thesis starting on page 36.
Table 7: Values derived from analysis of literature values23 for refractive index of urea in
water at various concentrations.
[urea]
8
6
4
2
index of refraction of urea 0.04818614 0.03596393 0.02441739 0.01183482
in solution (n - n0)
(n water) + (n - n0 urea) 1.37818614 1.36596393 1.35441739 1.34183482
K water, protein, urea calculated 1.9456 x 10-13 2.1276 x 10-13 2.3033 x 10-13 2.4983 x 10-13
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Dissociation of alpha crystallin into its subunits in urea containing buffers
The results of light scattering from alpha crystallin in varying concentrations of
urea are described below in Figure 12. Broadly, Figure 12 shows that native alpha
crystallin disassembles into subunits of sizes that are quite consistent with the known
molecular weights of both alphaA and alphaB, in the presence of 8 M urea. Intermediate
concentrations of urea are shown to lead only to partial disassociation.
This interpretation was inferred by comparison of the intercept value from the
linear dependence of R(90)/Kc on c calculated for each sample to each other. Simply put
the size of the y-intercept generally indicates the apparent molecular weight of the sample
being analyzed. The technique used in this analysis is described on page 39, as well as
subsequent pages of this thesis.
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Figure 122: Static laser light scattering data showing the dissociation of native bovine
alpha crystallin into its subunits in the presence of urea
The blue diamonds are obtained from the experimental average intensities for samples
containing no urea. The purple triangles are obtained from the experimental average
intensities for samples containing 2 M urea. The orange squares are obtained from the
experimental average intensities for samples containing 4 M urea. The light blue dashes
are obtained from the experimental average intensities for samples containing 6 M urea.
The black circles are obtained from the experimental average intensities for samples
containing 8 M urea. The error bars give +/- one standard deviation of the quantity
R(90)/Kc. The standard deviations were determined as described in the text.
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This series of experiments was undertaken to confirm that alpha crystallin was
completely dissociated before attempting the anion exchange chromatography planned
for isolating homogeneous assemblies of alphaA and alphaB. In particular, we were
wary of literature that that attempted to prove that buffers containing 6 M urea were
adequate for complete dissociation of alpha crystallin24. Our experiments show that this
may well be not enough.

In particular, the gradual growth of the intensity with

concentration at 6 M urea is possibly consistent with concentration dependent selfassociation, meaning that the subunit composition of individual aggregates might not be
homogeneous.
Comparison of hard sphere model to static light scattering virial coefficient data
To generate the hard sphere models used in the comparisons to experimental static
laser light scattering data found in this thesis the following technique was applied. The
apparent molecular weight of alpha crystallin or its subunits was taken from the intercept,
with its uncertainty, of each ΔR(90)/Kc versus protein concentration plot. The hard
sphere volume fraction comes from the concentration divided by the molecular weight of
the individual protein assemblies to get number of proteins per unit volume, then
multiplied by the volume of each protein.
The net effect of the calculation described above is to multiply the weight of
protein per unit volume by the volume per unit weight of alpha crystallin. This number
has been estimated in the course of recent neutron scattering studies carried out by this
laboratory with collaborators25 and is given by 1.7 mL/g. In principle this could also be
determined with use of the hydrodynamic radius, for the individual alpha crystallin
fractions.
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For comparisons of the dimensionless virial coefficient, B, a visual comparison of
the linear fits for experimental data and the line generated using the hard sphere model
was used in conjunction with the following calculation of B for a hard sphere.
Recalling from elementary geometery that the volume of a sphere, v is defined by;
v=

πd 3
6

(21)

The dimensionless second virial coefficient for a hard sphere was shown to be 4
€ the following calculation;
using

B=−

€

1
2v

∞

∫ (e−u(r )/ kT −1)4πr 2dr = −
0

4π
B=
2v

1
2v

d
2

∫ (−1)4πr dr
0

d

d

4π r 3
4 π d 3 4 π * d 3 24 πd 3
∫ r dr = 2v 3 = 2v * 3 = 6v = 6πd 3 = 4
0
0
2

(22)

Comparison of native bovine alpha crystallin to hard spheres
€
Shown below in Figure 13 is a comparison of the dilution series of native alpha
crystallin to the model light scattering dependence on concentration for hard spheres
suggesting that the virial coefficient measured for native alpha crystallin is quite close to
that expected for hard spheres. Specifically, with use of the slope for the linear fit for the
data in Figure 13, equations 5 and 6 to calculate the dimensionless second virial
coefficient, B, and apparent molecular weight of the alpha crystallin. The calculated
dimensionless second virial coefficient, B, of roughly 3.1, appears to be slightly attractive
compared to that of hard spheres. In order to examine this possibility more thoroughly,
further data on the hydrodynamic radii and polydispersity will need to be collected. An
attempt to compare the unit-less second virial coeffecient calculated in this thesis to a
literature source failed because the there was found to be an apparent confusion about
40

units in the data and calculations of the primary historic reference.26 It is also important
to note that the apparent molecular weight of the bovine alpha crystallin examined in this
experiment was found to be (5.900 +/- 0.005) x 105 g/mol, which is well within accepted
values for the apparent molecular weight.27
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Figure 133: Static laser light scattering data showing that native bovine alpha crystallin
is slightly attractive compared to a hard sphere model.
It is important to note that the ΔR(90)/Kc value and uncertainty shown at 0 mg/mL alpha
crystallin is the calculated intercept for the black line described below and its associated
uncertainty, not an experimental data point. The blue diamonds are obtained from the
experimental average intensities. The error bars give +/- one standard deviation of the
quantity R(90)/Kc. The standard deviations were determined as described in the text.
The black line gives a fit of a linear dependence of R(90)/Kc on c, given by the equation:
R(90)/Kc = ((-6.2 +/- 0.4) x 103 g*mL/mg*mol) c + (5.900 +/- 0.005) x 105 g/mol. The
red dashed line gives the R(90)/Kc values that would have been obtained had the
molecules scattered light as hard spheres (see text on pages 39 and 40 for details).
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Comparison of alpha crystallin subunits dissociated in the presence of 8 M urea to
hard spheres
Using of the slope and intercept of the linear fit for the experimental data
presented below in Figure 14, the dimensionless second virial coefficient, B, and
apparent molecular weight of the alpha crystallin samples in 8 M urea were calculated
using equation 5 and 6. The dimensionless second virial coefficient, B, was found to be
zero, which would mean that the alpha crytallin subunits appear to be completely
denatured into linear chains. The comparison of the dilution series of alpha crystallin in
an 8 M urea containing buffer to the model data for a hard sphere with a similar volume
fraction appears to suggest that the resulting dissociated alpha crystallin subunits would
be attractive compared to hard spheres.

However, it is important to note that the

comparison of alpha crystallin subunits to hard spheres is not an entirely appropriate
comparison to make since bovine alpha crystallin subunits are known to be denatured in
the presence of urea concentration as low as 2 M, depending on experimental
conditions.28 Rather, the comparison between denatured alpha subunits and hard spheres
is made merely to highlight and graphically illustrate the denatured subunits’
dimensionless second virial coefficient of zero. The most important inference from the
data presented in Figure 14 is that the apparent molecular weight of alpha crystallin in
these samples was calculated from the linear fit for the data shown in Figure 14 using
equation 5 to be (2.0+/- 0.07) x 104 g/mol, which is in excellent agreement with the
calculated molecular weights of subunits alphaA and alphaB given in the introduction.
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Figure 144: Static laser light scattering data showing that alpha A subunits are slightly
attractive compared to a hard sphere model.
It is important to note that the ΔR(90)/Kc value and uncertainty shown at 0 mg/mL alpha
crystallin is the calculated intercept for the black line described below and its associated
uncertainty, not an experimental data point. The black diamonds are obtained from the
experimental average intensities. The error bars give +/- one standard deviation of the
quantity R(90)/Kc. The standard deviations were determined as described in the text.
The black line gives a fit of a linear dependence of R(90)/Kc on c, given by the equation:
R(90)/Kc = ((-2.0 +/- 6) x 10 g*mL/mg*mol) c + (2.000 +/- 0.007) x 104 g/mol. The red
dashed line gives the R(90)/Kc values that would have been obtained had the molecules
scattered light as hard spheres (see text on pages 36 and 27 for details). The red solid
sphere represents the calculated molecular weight of alphaA subunit and the blue open
sphere represents the calculated molecular weight of alphaB subunit, both of which are
discussed in the introduction of this thesis.
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Analysis of pooled, dialyzed fractions obtained from DEAE anion exchange column
Figure 15 below shows that there were two drastically different sized fractions of
alpha crystallin recovered from the DEAE anion exchange chromatography column in
chromatogram peaks 1 and 2. A more detailed discussion on the size and nature of each
peak is found in the next two subsections of this thesis.
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Figure 155: Static laser light scattering data showing homogeneous alpha A subunit
assemblies with apparent molecular weights of roughly 500,000 g/mol along with lower
apparent molecular weight particles.
The blue diamonds are obtained from the experimental average intensities of sample
from DEAE peak 1 and the purple triangles are obtained from the experimental average
intensities of sample from DEAE peak 2. The error bars give +/- one standard deviation
of the quantity R(90)/Kc. The standard deviations were determined as described in the
text.
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Comparison of DEAE peak one to hard spheres
Figure 16 shows a plot of ΔR(90)/Kc versus alpha crystallin concentration for the
dilution series prepared from the alpha crystallin recovered in peak 1 of the DEAE anion
exchange chromatography experiment described in the experimental section of this
thesis. This linear fit was then interpreted using equations 5 and 6. This interpretation
revealed that the alpha crystallin being recovered possess an apparent molecular weight
of (5.4 +/- 0.3) x105 g/mol and a dimensionless second virial coefficient of roughly 8.2.
A comparison of the dimensionless second virial coefficient of this recovered alpha
crystallin to 4, the value of the dimensionless second virial coefficient for a hard sphere,
found that the alpha crystallin fractions recovered in peak one from the DEAE column
appear to be repulsive compared to hard spheres. Consulting the calculated pI values
presented in the introduction of this thesis, 5.78 for alphaA and 6.76 for alphaB, it is
natural to hypothesize that this increased repulsion would be consistent, at least
qualitatively, with the fact that the alphaA crystallin subunits are more highly charged
than the average subunit in a composite, native alpha crystallin particle that contained
both types of subunits. A quantitative test of this possibility could be attempted in the
future.
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Figure 166: Static laser light scattering data showing that reassembled alpha A crystallin
subunits recovered from DEAE anion exchange column are somewhat repulsive
compared to hard spheres.
It is important to note that the ΔR(90)/Kc value and uncertainty shown at 0 mg/mL alpha
crystallin is the calculated intercept for the black line described below and its associated
uncertainty, not an experimental data point. The blue diamonds are obtained from the
experimental average intensities. The error bars give +/- one standard deviation of the
quantity R(90)/Kc. The standard deviations were determined as described in the text.
The black line gives a fit of a linear dependence of R(90)/Kc on c, given by the equation:
R(90)/Kc = ((-1.5 +/- 0.4) x104 g*mL/mg*mol) c + (5.4 +/- 0.3) x105 g/mol. The red
dashed line gives the R(90)/Kc values that would have been obtained had the molecules
scattered light as hard spheres (see text on pages 39 and 40 for details).
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Based on when the fractions for this particular peak eluted during the DEAE
anion exchange chromatography experiment it is likely that the alpha crystallin recovered
in peak 1 is in fact alphaA crystallin. While this identification must await further
confirmation, that the alpha crystallin fractions recovered in peak one are likely to be
assemblies of alphaA is supported by comparing the data presented in Figure 16 with
unpublished preliminary data by Thurston, Sun and Liang, shown below in Figure 17.
While the homogeneous assemblies of alpha subunits analyzed by Thurston et al. were
produced via recombinant bacteria and therefore lack the normal post-translational
phosphorylation of alpha crystallin subunits that occurs in bovine lenses, both analyses
show that the resulting homogeneous assemblies of alphaA are slightly repulsive
compared to a hard spheres and are roughly the same apparent molecular weight.
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Figure 177: Preliminary static laser light scattering data showing slight repulsion
compared to hard spheres for alphaA and slight attraction for alphaB compared to hard
spheres.29
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Figure 17 shows ΔR(90)/Kc versus protein concentration for the dilution series of
bovine alpha crystallin subunits A and B obtained via production in recombinant bacteria,
as analyzed previously by Thurston, Sun and Liang in preliminary work.

Visual

inspection of this plot shows that the recombinant alphaA forms homogeneous
assemblies with apparent molecular weights of rough 650,000 g/mol, which are slightly
repulsive compared to hard spheres, while the recombinant alphaB forms homogeneous
assemblies with apparent molecular weights of roughly 450,000 g/mol, which are slightly
attractive compared to hard spheres. The preliminary data shown in Figure 17 for
recombinant alphaA subunits were in close agreement with the data for the alphaA
subunits recovered from peak 1 of the DEAE anion exchange chromatography
experiment, which were presented in Figure 16.
Comparison of DEAE peak two to hard spheres
Figure 18 shows a plot of ΔR(90)/Kc versus alpha crystallin concentration for the
dilution series prepared from the alpha crystallin recovered in peak two of the DEAE
anion exchange chromatography experiment described in the experimental section of this
thesis. Analysis of the linear fit for the data shown in Figure 19 using equations 5 and 6
revealed that the alpha crystallin being recovered possess an apparent molecular weight
of (1.4 +/- 0.2) x 104 g/mol and a dimensionless second virial coefficient that is
essentially 0. The low apparent molecular weight of the alpha crystallin recovered in
peak two would appear to indicate that the assumed alphaA present in these fractions was
somehow truncated during the handling and processing leading up to their analysis by
static laser light scattering.
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Figure 188: Static laser light scattering data showing that lower apparent molecular
weight alpha A crystallin subunits recovered from DEAE anion exchange column are
smaller than the subunit size that would be calculated from the amino acid sequence.
It is important to note that the ΔR(90)/Kc value and uncertainty shown at 0 mg/mL alpha
crystallin is the calculated intercept for the black line described below and its associated
uncertainty, not an experimental data point. The purple diamonds are obtained from the
experimental average intensities. The error bars give +/- one standard deviation of the
quantity R(90)/Kc. The standard deviations were determined as described in the text.
The black line gives a fit of a linear dependence of R(90)/Kc on c, given by the equation:
R(90)/Kc = ((-4 +/- 5) x 102 g*mL/mg*mol) c + (1.4 +/- 0.2) x 104 g/mol. The red
dashed line gives the R(90)/Kc values that would have been obtained had the molecules
scattered light as hard spheres (see text on pages 36 and 27 for details).
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CONCLUSIONS
Static light scattering was used to systematically examine potential protocols to
effectively isolate bovine eye lens alpha crystallin subunits, and to study the light
scattering properties of alpha crystallin subunits that were separated from one another by
anion-exchange chromatography in urea, and subsequently reconstituted in buffer that did
not contain urea. It was determined that even though treatment in 8 M urea containing
buffers appears to be harsh enough to damage some individual alpha crystallin subunits it
also appears to be necessary to ensure that the subunits are completely dissociated from
one another when using urea as a denaturant.
The light scattering data yielded a molecular weight of (5.900 +/- 0.005) x 105
g/mol for the starting, native bovine alpha crystallin protein, and gave a dimensionless
virial coefficient possibly consistent with attractive interactions on top of hard-core
repulsion. The molecular weight after incubation in 8 M urea was (2.0 +/- 0.5) x 104
g/mol, in excellent agreement with the known molecular weights calculated from the
sequences of bovine alphaA and alphaB.

Reconstituted subunits isolated by anion

exchange chromatography, believed to be alphaA crystallin, pending further
confirmation, assembled to form particles with a molecular weight of (5 +/- 3) x 104
g/mol.

These particles exhibited repulsive interactions compared to hard spheres,

consistent with the more negative charge that these subunits carry, as compared with
native alpha crystallin.
These results will facilitate further study of interactions between homogeneous
alpha crystallin assemblies and other lens proteins.

53

APPENDICES
Appendix 1A: Complete output from NCBI Sequence Viewer for bovine alphaA
crystallin
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Appendix 1B: Complete output from NCBI Sequence Viewer from bovine alphaB
crystallin
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Appendix 2: Buffer Preparation
A: Preparation of pH 6.8, 50 mM sodium phosphate buffer
2,000 mL of deionized water was measured and added to a clean 4,000 mL
vacuum flask. Next the flask was placed on a magnetic stir plate and a large magnetic
stir bar was added to the flask. Next each of the following dry reagents were weighed
and added to the flask one at a time, waiting until each reagent is completely dissolved
before adding the next; 19.3 grams dibasic sodium phosphate, 8.83 grams monobasic
sodium

phosphate,

1.5

grams

dithiothreitol,

1.458

grams

sodium

ethylenediaminetetraacetate, 46.75 grams sodium chloride and 0.8 grams sodium
benzoate. Once the last reagent, sodium benzoate was dissolved an additional 2,000 mL
of deionized water was added to the vacuum flask. When the entire second portion of
water was mixed the resulting solution was degassed for 20 minutes using a vacuum
pump. The pH was checked again after degassing. Any pH adjustments that need to be
made were made by the dropwise addition of either 1 M hydrochloric acid or 1 M sodium
hydroxide depending on the direction of pH shift required.
B: Preparation of pH 8.6, 25 mM triethanolamine buffer
A clean dry 250 mL beaker was placed on a balance and tared. 14.91
grams of triethanolamine free base were added to the beaker. The triethanolamine was
diluted to 200 mL with deionized water. A magnetic stir bar was added to the beaker and
the mixture was allowed to mix at medium speed until all of the triethanolamine was in
solution. This solution was transferred to a 3,000 mL beaker and diluted to 2,000 mL.
The pH of this solution was adjusted to 8.6 using 1 M hydrochloric acid. This solution
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was transferred to a 4,000 mL vacuum flask and diluted to 4,000 mL. The pH of the
solution was checked again. The resulting solution was then degassed for 20 minutes
using a vacuum pump. The pH was checked again after degassing. Any pH adjustments
that need to be made were made by the dropwise addition of either 1 M hydrochloric acid
or 1 M sodium hydroxide depending on the direction of pH shift required.
C: Preparation of pH 8.6, 25 mM triethanolamine, 8 M urea buffer
A clean dry 250 mL beaker was placed on a balance and tared. 14.91 grams of
triethanolamine free base were added to the beaker. The triethanolamine was diluted to
200 mL with deionized water. A magnetic stir bar was added to the beaker and the
mixture was allowed to mix at medium speed until all of the triethanolamine was in
solution. This solution was transferred to a 3,000 mL beaker and diluted to 2,000 mL. A
large magnetic stir bar was added to the beaker. Next, 1.49 grams EDTA and 0.8 grams
sodium benzoate were then weighed and added to the triethanolamine solution one at a
time and allowed to mix until completely dissolved. Using 1 M hydrochloric acid the pH
of this solution was adjusted to 7.6. This solution was transferred to a 4,000 mL vacuum
flask. A large magnetic stir bar was added to the flask. The flask was placed on a
combination magnetic stirrer / hot plate. The stirrer knob was set to 6 (out of 10) and the
heating knob was set to 5 (out of 10). 1,921 grams of anhydrous urea was slowly added
to the flask being careful to make sure that the stir bar was not disturbed as the urea was
added. 555 mL of deionized water was added to the flask. Once all of the urea is
dissolved the pH of the solution was checked again. The final pH of the buffer was 8.6.
The buffer was then degassed for a minimum of 20 minutes using a vacuum pump. The
pH was checked again after degassing. Any pH adjustments that need to be made were
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made by the dropwise addition of either 1 M hydrochloric acid or 1 M sodium hydroxide
depending on the direction of pH shift required.
D: Preparation of pH 6.6, 25 mM triethanolamine, 8 M urea buffer
A clean dry 250 mL beaker was placed on a balance and tared. 14.91 grams of
triethanolamine free base were added to the beaker. The triethanolamine was diluted to
200 mL with deionized water. A magnetic stir bar was added to the beaker and the
mixture was allowed to mix at medium speed until all of the triethanolamine was in
solution. This solution was transferred to a 3,000 mL beaker and diluted to 2,000 mL. A
large magnetic stir bar was added to the beaker. Next, 1.49 grams EDTA and 0.8 grams
sodium benzoate were then weighed and added to the triethanolamine solution one at a
time and allowed to mix until completely dissolved. Using 1 M hydrochloric acid the pH
of this solution was adjusted to 5.6. This solution was transferred to a 4,000 mL vacuum
flask. A large magnetic stir bar was added to the flask. The flask was placed on a
combination magnetic stirrer / hot plate. The stirrer knob was set to 6 (out of 10) and the
heating knob was set to 5 (out of 10). 1,921 grams of anhydrous urea was slowly added
to the flask being careful to make sure that the stir bar was not disturbed as the urea was
added. 555 mL of deionized water was added to the flask. Once all of the urea is
dissolved the pH of the solution was checked again. The final pH of the buffer was 6.6.
The buffer was then degassed for 20 minutes using a vacuum pump. The pH was
checked again after degassing. Any pH adjustments that need to be made were made by
the dropwise addition of either 1 M hydrochloric acid or 1 M sodium hydroxide
depending on the direction of pH shift required.
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E: Preparation of pH 6.6, 25 mM triethanolamine, 8 M urea, 1 M sodium chloride
buffer
A clean dry 250 mL beaker was placed on a balance and tared. 14.91 grams of
triethanolamine free base were added to the beaker. The triethanolamine was diluted to
200 mL with deionized water. A magnetic stir bar was added to the beaker and the
mixture was allowed to mix at medium speed until all of the triethanolamine was in
solution. This solution was transferred to a 3,000 mL beaker and diluted to 2,000 mL. A
large magnetic stir bar was added to the beaker. Next, 1.49 grams EDTA, 0.8 grams
sodium benzoate and 221.76 grams of sodium chloride were then weighed and added to
the triethanolamine solution one at a time and allowed to mix until completely dissolved.
Using 1 M hydrochloric acid the pH of this solution was adjusted to 7.6. This solution
was transferred to a 4,000 mL vacuum flask. A large magnetic stir bar was added to the
flask. The flask was placed on a combination magnetic stirrer / hot plate. The stirrer
knob was set to 6 (out of 10) and the heating knob was set to 5 (out of 10). 1,921 grams
of anhydrous urea was slowly added to the flask being careful to make sure that the stir
bar was not disturbed as the urea was added. 555 mL of deionized water was added to
the flask. Once all of the urea is dissolved the pH of the solution was checked again.
The final pH of the buffer was 8.6. The buffer was then degassed for 20 minutes using a
vacuum pump. The pH was checked again after degassing. Any pH adjustments that
need to be made were made by the dropwise addition of either 1 M hydrochloric acid or 1
M sodium hydroxide depending on the direction of pH shift required.
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Appendix 3: Data tables for static laser light scattering of alpha crystallin in urea
containing buffer

sample
dark
toluene
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

[urea]
(M)
0
0
0
0
0
0
0
0
2
2
2
2
2
2
4
4
4
4
4
4
6
6
6
6
6
6
8
8
8
8
8
8

[alpha]
+/- 0.05
(mg/mL)
0
0
20
15
10
6
3
0
20
15
10
6
3
0
20
15
10
6
3
0
20
15
10
6
3
0
20
15
10
6
3
0

avg I
(cps)
38
870
184,940
147,370
106,560
65,560
34,200
299
129,790
108,320
75,340
47,710
23,620
389
71,710
59,710
40,860
24,620
12,590
430
17,620
13,520
7,790
4,130
1,860
527
5,760
4,760
3,230
2,210
1,310
508

sd I
(cps)
3
10
978
408
385
237
189
39
493
478
295
218
155
20
565
129
190
397
88
28
103
92
197
142
52
30
70
276
48
57
32
14

delta I
(cps)
na
na
184,642
147,072
106,262
65,262
33,902
0
129,402
107,932
74,952
47,322
23,232
0
71,280
59,280
40,430
24,190
12,160
0
17,093
12,993
7,263
3,603
1,333
0
5,252
4,252
2,722
1,702
802
0
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delta I / I
ref
na
na
222
177
128
78
41
0
155
130
90
57
28
0
86
71
49
29
15
0
21
16
9
4
2
0
6
5
3
2
1
0

R(90)
na
na
0.002441
0.001944
0.001405
0.000863
0.000448
0.000000
0.001741
0.001452
0.001009
0.000637
0.000313
0.000000
0.000977
0.000813
0.000554
0.000332
0.000167
0.000000
0.000238
0.000181
0.000101
0.000050
0.000019
0.000000
0.000075
0.000060
0.000039
0.000024
0.000011
0.000000

R(90)/Kc
(g/mole)
na
na
467,880
496,904
538,532
551,241
572,708
592080
348,466
387,533
403,675
424,775
417,069
0
212,124
235,217
240,634
239,961
241,255
0
56,013
56,770
47,602
39,357
29,123
0
19,160
20,682
19,860
20,696
19,503
20,224

R(90)/Kc
for hard
sphere
model
(g/mole)
na
na
431,034
471,296
511,557
543,766
567,923
592,080
321,401
351,422
381,443
405,460
423,472
441,485
182,299
199,327
216,355
229,977
240,194
250,411
20,713
22,648
24,583
26,130
27,291
28,452
14,723
16,098
17,474
18,574
19,399
20,224

Appendix 4: Data table for static laser light scattering of fractions from DEAE
anion exchange column

sample
dark
toluene
buffer
DEAE peak
1
DEAE peak
1
DEAE peak
1
DEAE peak
1
DEAE peak
1
DEAE peak
1
DEAE peak
1
DEAE peak
2
DEAE peak
2
DEAE peak
2
DEAE peak
2
DEAE peak
2
DEAE peak
2
DEAE peak
2

[alpha] +
/ - 0.05
(mg/mL)
na
na
na

avg I
(cps)
48
187
148

sd I
(cps)
8
15
17

delta I
(cps)
na
na
na

delta I /
I ref
na
na
na

R(90)
na
na
na

R(90)/Kc
(g/mole)
na
na
na

R(90)/Kc
for hard
sphere
model
(g/mole)
na
na
na

10.00

12,329

179

12,182

87.5

0.000963

369,170

463,895

8.88

12,193

185

12,045

86.5

0.000952

411,083

472,074

7.58

11,143

221

10,996

79.0

0.000869

439,619

481,566

6.39

10,205

217

10,057

72.2

0.000795

476,981

490,256

5.10

7,455

166

7,307

52.5

0.000578

434,225

499,676

3.40

5,888

210

5,741

41.2

0.000454

511,699

512,089

3.07

4,863

150

4,716

33.9

0.000373

465,510

514,499

6.33

406

24

258

1.9

0.000020

12,363

12,798

6.08

387

22

239

1.7

0.000019

11,914

12,846

4.78

349

24

202

1.4

0.000016

12,798

13,094

4.25

323

24

175

1.3

0.000014

12,487

13,195

3.85

255

26

107

0.8

0.000008

8,434

13,271

2.67

253

26

105

0.8

0.000008

11,953

13,495

1.67

234

33

87

0.6

0.000007

15,769

13,686
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